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Abstract—This paper describes several practical aspects of
shielding provided by openings such as ventilation vents acting as
waveguides. Fundamental properties of electromagnetic waves in
the interior of a hollow conducting cylindrical tube are presented.
Then the guidelines for oscillator’s design and harmonic generation
by nonlinearities are presented. A consequent wideband setup hav-
ing low cost and common devices as well as high dynamic range
is proposed to perform reliable measurements from 50 MHz to
1.5 GHz. Measurements of circular cylindrical waveguide effec-
tiveness point out the simplicity of the systematic procedure and
illustrate the effects of apertures on shielding walls. Shielding loss
achieved by these apertures at frequencies below cutoff allows en-
gineers to gain more insight into analysis and design of shields with
intentional discontinuities used to exclude and to confine electro-
magnetic interference.

Index Terms—Apertures, cutoff frequencies, interferences, os-
cillators, shielding walls, waveguides.

I. INTRODUCTION

MODERN electronic systems incorporate a large number
of interconnected devices, cohabiting in the same elec-

tromagnetic environment. The latter, when sufficiently polluted
with undesired electromagnetic radiations, interferes with the
operation of many electronics systems.

Electromagnetic shielding has been one of the most radical
ways to deal with these interferences, hence assuring electro-
magnetic compatibility (EMC) [1], [2]. Nevertheless, shielding
problems still remain difficult to handle because intentional dis-
continuities in shielding walls, such as ventilation holes, might
violate shielding integrity.

The intent of this paper is to clarify the behavior of electro-
magnetic fields in waveguides below cutoff frequencies, so to
explain shielding effectiveness provided by different kinds of
holes in a conducting panel.

A waveguide transmission experiment is implemented eas-
ily using available equipment in most microwaves laboratories,
such as common spectrum analyzers and guiding structures.

In addition to this infrastructure, free and quartz-based os-
cillators loaded with nonlinear elements are built to generate
harmonics up to 2 GHz.

The main objective of this work is to develop a systematic
shielding measurements procedure that
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Fig. 1. Waveguide honeycomb vents.

1) is simple, repeatable, and accurate enough;
2) needs low-cost equipment and no sample preparation;
3) covers large frequency band and has high dynamic range.

II. WAVEGUIDES BELOW CUTOFF

A panel assembly of honeycomb-shaped tubes is shown in
Fig. 1. Its apertures can be modeled as simple geometrical shapes
such as rectangular slots or circular holes forming the whole
frame. Each cell acts as a waveguide.

Therefore, to study the electromagnetic field penetration
through these apertures, waveguide principles shall be ad-
dressed.

All waveguides have many properties in common [3], [4]. In
this paper, we shall be concerned with fundamental properties
of electromagnetic waves in the interior of uniform cylindrical
waveguides.

The wave propagation in guiding structures is character-
ized by varying electromagnetic fields subjected to appropriate
boundary conditions, such as the tangential component of the
electric field and the normal component of the magnetic field
vanishing at the perfect metal surface. These fields may satisfy
the boundary conditions in a number of ways called modes,
which are broadly divided into two classes:

1) transverse Electric (TE or H) modes, the electric field
being transverse to the direction of propagation;

2) transverse Magnetic (TM or E) modes, the magnetic field
being transverse to the direction of propagation.
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The lowest mode having the lowest frequency and longest
wavelength of propagation is called the dominant mode.

For each mode, electromagnetic fields are generally ex-
pressed in an orthogonal curvilinear cylindrical coordinate sys-
tem (ur , uθ , z) as follows:{

E(r, θ, z, t) = E(r, θ) exp(−γz) · exp(jωt)
H(r, θ, z, t) = H(r, θ) exp(−γz) · exp(jωt) (1)

where
γ = (2π/λg) =

√
k2
c − k2

0 propagation constant;
k0 = ω

√
µ0ε0 = (2π/λ0) free space propagation con-

stant;
kc = (2π/λc) cutoff wave number, all in

(1/m);
λ0 = (c/F ) free space wavelength meters;
λg is the guided wavelength in me-

ters;
λc is the cutoff wavelength in me-

ters.
Guided and cutoff wavelengths are related by the well-known

Ortusi relation

1
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c
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1
λ2
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. (2)

Therefore, for a given frequency and waveguide mode, the
propagation constant γ has a prescribed value, depending on the
mode order (n,m) and the frequency.

γnm =
2π

λg
=

2π

λc,nm

√
1 −

(
f

fc,nm

)2

. (3)

By inspection, it can be seen that at high frequencies γ is
imaginary, and the z dependence form e−γz gives a field varying
sinusoidally along the guide.

At low frequencies, γ is real and the field amplitude decays
exponentially along the guide. So, little energy gets through due
to these evanescent modes occurring below the cutoff frequen-
cies.

Hence, for operating frequency f , much below the cutoff
frequency fc,nm, the attenuation constant is given by

γnm = αnm ≈ 2π

λc,nm
. (4)

In a circular cylindrical waveguide of radius a, the cutoff
wavelength is given by

λc,nm =
2πa

p′nm

(TEnm or Hnm modes) (5a)

λc,nm =
2πa

pnm
(TMnm or Enm modes) (5b)

where pnm and p′nm are roots of Bessel functions and their
derivatives, respectively [8], [9].

Noting that higher order modes have higher cutoff frequen-
cies, only the fundamental or dominant mode, having the lowest
cutoff frequency, is of significance.

Fig. 2. Setup for shielding measurement.

Accordingly, for the cylindrical guide dominant mode TE11,
attenuation is given by

α =
2π

λc,11
=

1.841
a

(Neper/m). (6)

Therefore, a circular waveguide with diameter D and length
L achieves, at frequencies below the cutoff, a shielding loss
given by

α(dB) = 8.686αL ∼= 32
L

D
. (7)

In practice, this means that for apertures acting as waveguides,
the size should be selected such that it remains below the lowest
cutoff frequency at the highest interference frequency.

III. TEST EQUIPMENT

To gain some insight into the relationship between the shield-
ing loss and the characteristics of circular waveguides, the mea-
surement setup shown in Fig. 2 is used to measure leakage of
electromagnetic energy through a guide. This assembly com-
prises a circular waveguide with a diameter D = 21 cm and
length L = 1.5 m (a ventilation duct or any metallic pipe could
be used), a 50-MHz oscillator (built or ready to use), a dc power
supply, 9-V battery, a dipole or loop antenna, and a spectrum
analyzer.

Before performing experiments, an oscillator generating
stable frequencies up to 2 GHz with sufficient levels is
realized.

The background theory of oscillators has been developed
by many authors [11]–[13]. These references cover common
theory of oscillators, provide practical design equations, and
discuss requirements of the circuitry (active devices, resonators,
etc.).

There are two types of transistor oscillators: oscillators con-
structed with amplifiers and their feedback circuit and others
built with negative resistance one-ports.

For the formers, the concept is straightforward from the basic
circuit and loop gain shown in Fig. 3.
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Fig. 3. Schematic of a feedback oscillator.

The total gain is unity and the total phase shift is forced to
360◦ at the frequency of interest in order to have oscillations.

G(jω)H(jω) = 1 ⇔
{
|G(jω)H(jω)| = 1
� G(jω) + � H(jω) = 0(2π) . (8)

Negative resistance oscillators design, on the other hand, pro-
ceeds as follows. First, a potentially unstable transistor is se-
lected. The stability criterion is determined by the Rollet factor
K, calculated from the small signal S-parameters [11]:

K =
1 + |∆|2 − |S11|2 − |S22|2

2|S12||S21|
(9)

where ∆ = S11S22 − S12S21.
A transistor is unconditionally stable at any frequency when

K > 1 and |∆| < 1. In this case, instability can be achieved by
configuration changes (common emitter, common collector, and
common base) or feedback addition (series or parallel reactive
components).

Then, a resonator (LC, Quartz crystal, transmission lines,
etc) is placed at one side of the unstable two-port to provide a
negative resistance at the output port. The final step terminates
this one-port with the appropriate load (generally 50 Ω).

RF CAD tools such as Advanced Design Systems of Agilent
technologies are adequate to design the matching or feedback
elements and to evaluate the performances of the oscillator (out-
put power, noise, harmonics, etc.). This is achieved by design
guides that guide engineers through multistep simulation and
design procedure of complete devices such as oscillators.

Moreover, many ready-for-use oscillators built by manufac-
turers for different purposes are available at very low prices.
These solid state oscillators that are built or bought present
many advantages.

1) They are low cost and compact, making measurements in
small enclosures possible.

2) They are powered by a battery, which is an efficient
mean to prevent them from interferences traveling through
power supply cables.

3) Combined with nonlinearities, they permit performance
of measurements over several hundreds of megahertz, at
once.

4) Test points or harmonics are well-identified integer multi-
ples of the fundamental oscillation frequency. This implies
more immunity to external ambient signals.

5) They can be loaded with monopole or loop antennas, cre-
ating electric or magnetic fields, as desired.

It is worthy to note that to use these oscillators at several
hundreds of megahertz, a pair of parallel front-to-back diodes
is placed at the output. Frequency multiplication or harmonic
generation occurs due to this nonlinear combination, and the
output signal is a harmonic series of the form [13], [14]

Sout = S0 + S1 cos(ωt + φ1) + . . . + Sn cos(nωt + φn ).
(10)

In fact, this equation shows that we can get higher order
frequencies multiples of the fundamental one and equidistant
by a few megahertz.

The whole compact oscillator board is then mounted on a thin
Plexiglas rod to slide easily along the guiding structure.

Care must be taken to avoid excessive rod dimensions with
high permittivity since this may alter the field configuration and
cause measurements errors.

A spectrum analyzer (50 Ω) suitable for sweeping the fre-
quency range 50 MHz to 1.5 GHz and an antenna are used to
measure the received signal emanating from the guide aperture.
Outputs of the spectrum analyzer are X − Y displays on a CRT
screen. The horizontal axis is calibrated in frequency that in-
creases linearly from left to right. This is done by setting either
the center frequency and the frequency range (span) or both the
start and stop frequencies.

The vertical axis is calibrated in amplitude in a linear scale
(volts) or in a logarithmic scale (decibels). The log scale, which
is often used, has a much wider usable range and allows mea-
surements of either the absolute value of a signal or the ampli-
tude difference between signals.

The calibration of the system is achieved by taking a refer-
ence level corresponding to any position of the oscillator in the
vicinity of one end of the guide. The position of the oscillator
carriage is then moved inside the structure and the spectrum
analyzer readings are recorded at points located on a centimeter
scale along the waveguide’s axis.

This measurement setup matches the required specifications
in that it does the following.

1) It uses available spectrum analyzers, solid state generators,
and common antennas.

2) It covers the frequency range from a few Megahertz to sev-
eral Gigahertz, namely, from the fundamental frequency
of the oscillator to the highest harmonic level detectable
by the spectrum analyzer or any other receiver.

3) It has a dynamic range equal to that of the spectrum an-
alyzer and can be increased up to more than 120 dB by
using an amplifier.

4) It can be extended from apertures characterization to check
various enclosures effectiveness.

IV. DESIGN, EXPERIMENTS, AND RESULTS

The first designed oscillator is a 55-MHz LC oscillator based
on the 2N2219 bipolar transistor. An 8-mm diameter air core
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Fig. 4. Schematic of a transistor lumped oscillator.

Fig. 5. Schematic of an integrated quartz oscillator.

inductance is used with conjunction of lumped capacitors to
realize a lumped resonator, as shown in Fig. 4.

This oscillator exhibits excellent phase noise performance
and its measured output power is about 3 dBm. However, care
must be taken to enhance oscillations stability, which is seriously
affected by discrete components tolerance and variations as well
as vibration, load changes, power supply deviations, and closely
placed conducting materials.

Another buffered oscillator (Fig. 5) based on a mounted sur-
face package with a BFR91 amplifier has been built and tested.
It showed significant advantage of quartz crystal. This oscillator
delivers −2-dBm to 50-Ω load. Its frequency of 50 MHz is very

stable over temperature, and its phase noise at 10 KHz from the
carrier is about −98 dBc/Hz (Fig. 6).

As displayed in Fig. 7, harmonics up to 2 GHz have sufficient
amplitude levels to make wideband measurements using this
50-MHz single tone generator.

The amplitude and frequency of every oscillator harmonic
over the entire range are reported to check cutoff frequency
as well as evanescent and propagating modes, as illustrated by
Fig. 8. This is achieved by placing the carriage in the middle
of the tube and reporting the emanating signals. The measured
cut-off frequency of 850 MHz is very close to the theoretical
value of 837 MHz.
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Fig. 6. Fundamental power and noise of a 50-MHz crystal oscillator.

Fig. 7. Harmonics of a 50-MHz crystal oscillator with nonlinear termination.

Fig. 8. Measured propagation and cutoff frequencies.

Then, the guide attenuation is plotted versus antenna position
for several frequencies below cutoff. Some carriers of Radio,
TV, and GSM are within the desired spectrum, so care must
be paid to avoid these ambient interferences when performing
measurements (Fig. 9).

Fig. 9. Measured Ambient signals.

Fig. 10. Shielding loss in the waveguide below cutoff frequencies.

The definition of shielding is a relative concept dependent on
the system configuration and general EMI protection goals.

Too many definitions of electromagnetic shielding and shield-
ing effectiveness, which are often used, might include the
following:

• ratios of incident and transmitted electric or magnetic
fields through a specified shield, measured in free space
or in a particular enclosure;

• electromagnetic loss in the shield;
• power reflection and absorption in the shield;
• transfer impedance, etc.
Each definition reflects a certain philosophy of understanding

and evaluating the shielding mechanisms.
When dealing with apertures’ effects, one could consider the

EMI energy transfer from the shield powered with a specified
signal to the free space environment.

Practical measurements were performed to evaluate the cir-
cular guide attenuation at 350 and 400 MHz. Fig. 10 depicts
normalized measured and calculated losses versus guide length
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(or carriage position). Good agreement is observed between
experimental data, and results are given by (7).

V. CONCLUSION

This experiment is a good illustration of shielding mecha-
nisms provided by metallic tubes. To avoid radiation emission,
power and signal cables can be shielded using such a shielding
structure. Displays and vent panels (microwave ovens, honey-
comb vents, ventilation apertures, etc.) can be also properly
shielded with a fine metal wire mesh, where each cell is equiv-
alent to a waveguide working below cutoff frequencies.

Our discussion concentrates on specialized knowledge and
experimental tips required to apply well-established EMC prin-
ciples toward practical implementation.

The implemented technique of shielding measurement
matches technical, economical, and regulatory requirements.

First, the equipment used is low cost, available in most RF
laboratories, and needs no special preparation or calibration.

Second, the use of an independent solid-state oscillator pow-
ered with a small battery permits to combat strong ambient
signals and common mode couplings due to the presence of
various cables.

Loading this relatively low-frequency oscillator with non-
linear components is a novel and efficient method to perform
wideband measurements at specific frequencies spaced by a few
Megahertz.

This convenient mean also permits us to avoid testing at fre-
quencies close to those of ambient signals which, hopefully, are
not necessarily multiples of the oscillation frequency.

This work can be extended to study the dependence of shield-
ing performance on size, shape, and location of diverse discon-
tinuities.
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